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In standard electron paramagnetic resonance (EPR) spectroscopy, the frequency of an exper-
iment is set and the spectrum is acquired using magnetic field as the independent variable.
There are cases in which it is desirable instead to fix the field and tune the frequency such
as when studying avoided level crossings. We have designed and tested an adjustable fre-
quency and variable coupling EPR probe with loop-gap resonators (LGRs) that works at a
temperature down to 1.8 K. The frequency is tuned by adjusting the height of a dielectric
piece of sapphire inserted into the gap of an LGR; coupling of the microwave antenna is
varied with the height of antenna above the LGR. Both coupling antenna and dielectric are
located within the cryogenic sample chamber, but their motion is controlled with external
micrometers located outside the cryostat. The frequency of the LGR can be adjusted by
more than 1 GHz. To cover a wide range of frequencies, different LGRs can be designed to
cover frequencies up to X-band. We demonstrate the operation of our probe by mapping out
avoided crossings for the Ni4 single-molecule magnet to determine the tunnel splittings with
high precision.
I. INTRODUCTION
Electron paramagnetic resonance (EPR) spectroscopy
is an indispensable tool in several branches of sci-
ence as well as in industry. Several commercial spec-
trometers exist at certain well-defined frequencies to
perform EPR spectroscopy. Several techniques are
used for the resonant excitation of electronic spin to
achieve magnetic resonance. Cavity resonators1,2, loop-
gap resonators (LGR)3–5 and planar circuit elements
such as microstrip6,7 and coplanar waveguide resonators
(CPW)8,9 are widely used for the excitation of spins.
Most of the commercial EPR spectrometers are built
with cavity resonators with predefined frequencies. Even
though such resonators provide reasonably good homo-
geneity of radio frequency (RF) magnetic field (B1) over
a large volume of sample, their construction below X
band is challenging because of the large size of resonator
cavities needed10. LGRs and planar resonators are fre-
quently used for EPR spectroscopy to cover a wide range
of frequencies without the need of a large resonator size.
LGRs typically have high quality factors (Q > 2000),
good RF magnetic field (B1) homogeneity in the sample
space, and a high filling factor, making them highly sen-
sitive resonators11. However, their structures and fabri-
cation becomes difficult when the frequency increases be-
yond X-band12,13. On the other hand, planar resonators
have usually lower Q (< 100) and can be fabricated to
cover a wide frequency range. Indeed, higher harmonics
of the CPW resonators have been successfully used for
excitation of spins in thin-film devices14 to obtain multi-
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frequency magnetic resonance spectra without changing
the resonator.
When a system’s energy levels have a non-trivial de-
pendence on magnetic field, such as when energy levels
have avoided crossings, it is desirable to tune the fre-
quency of the resonator instead of varying the field to
change the level structure. Such cases arise in molecu-
lar nanomagnets (MNMs) where the “tunnel splitting” of
an avoided crossing can be mapped out by varying both
the excitation frequency and magnetic field. Here we re-
port the design and implementation of an EPR resonator
probe using LGRs that allows the in situ tuning of fre-
quency by > 1 GHz while also allowing the coupling of
antenna and resonator to be optimized at each frequency.
We have successfully used this novel probe to determine
the tunnel splitting gaps of a the Ni4 MNM with high
precision.
MNMs are metal-organic compounds with a ground-
state magnetic moment. Typically, an MNM has S > 12
and significant magnetic anisotropy. The chemical en-
gineering of the molecules permits the tuning of their
properties thus making them attractive as spin qubits15.
Recent studies of atomic clock transitions, a phenomenon
marked by a significant increase in the coherence time
(T2) of spin states at an avoided level crossing, in spin
systems16–18 increase the viability of such systems as
qubits. Experiments at atomic clock transitions require
precise frequency control to determine the precise values
of tunnel splitting and to study coherence in the vicinity
of the clock transition. The probe we designed and con-
structed allows for the precise frequency control needed
to map out an avoided crossing through EPR. The details
of design and implementation of the probe are described
in the following section.
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2II. DESIGN AND IMPLEMENTATION
We have designed and implemented a cryogenic EPR
probe where the resonant frequency of a loop-gap res-
onator (LGR) can be varied in-situ over a >1 GHz range.
In tandem, the coupling can also be adjusted to achieve
optimal experimental conditions at all frequencies. The
heart of the apparatus consists of the LGR, which can be
oriented such that RF magnetic field is either parallel or
perpendicular to the applied DC field. A sample is po-
sitioned in the loop of the LGR, which is then mounted
on the base of shield with nylon washers and screws (cf.
Fig. 1(c)) to electrically isolate the LGR. The resonant
frequency of the LGR is determined by the inductance of
the loop and capacitance of the gap4. By inserting a low-
loss dielectric into the gap, the capacitance is increased,
lowering the resonant frequency.
In our apparatus, the loop-gap resonator is enclosed
within a cylindrical copper radiation shield that prevents
radiative losses. The size of the shield used in our probe
is about 39 mm outer diameter, 20 mm long, 2.8 mm thick
wall and 4.4 mm thick bottom and top plates. Radiation
is coupled to the resonator through an antenna formed by
stripping the outer conductor and dielectric off the last
few millimeters of the copper coaxial cable and bending
the remaining inner conductor so that it is parallel to the
plane of the resonator. The unique character of our ap-
paratus is that we are able to control the position of the
dielectric within the LGR and the height of the antenna
above the resonator. To achieve this we built two sepa-
rate translational motion controllers, one for a dielectric
piece that moves through the gap of the LGR, and the
other for the signal cable connected to the RF antenna,
thus adjusting the coupling strength. The two controllers
are located outside the sample chamber on the top of
probe, as shown in Fig. 1(a), and thus permit adjust-
ments while the resonator and sample are at cryogenic
temperatures. The dielectric holder is connected to the
external micrometer screw (0.5 mm/turn) by a rod run-
ning the length of the probe. The top portion of the rod
(the section that passes through the vacuum sealing as-
sembly – see below) is made out of stainless steel. This is
joined to a G10 rod that runs into the shield and attaches
to the dielectric holder. It contains a slot into which the
dielectric is inserted. A nylon screw is used to affix the di-
electric in place. The dielectric holder is bolted onto the
G10 rod. To prevent the rotational motion of dielectric
holder when it is moved, the holder is also attached to
another rod, parallel to the first. The two rods move up
and down through two holes in the top of shield, prevent-
ing any rotation. This keeps the dielectric slab parallel to
the gap of the LGR, as shown in the Fig. 1(b). The figure
shows the resonator oriented with its loop axis parallel to
the magnetic field of the superconducting magnet (paral-
lel mode). To use the apparatus in perpendicular mode,
the resonator B is placed in a delrin supporting frame
(not shown) such that the gap end of resonator edge lies
upward and the slot of the dielectric holder is perpendic-
ular to the plane of resonator. The same dielectric holder
is used to change the frequency but the coupling is main-
tained by adjusting the the height of antenna relative
to the flat edge of resonator B. To test the working of
probe in perpendicular mode, an EPR standard sample,
DPPH (2,2-diphenyl-1-picrylhydrazyl), was placed in the
loop at room temperature and the magnetic field swept.
The expected EPR transitions were observed at g ≈ 2
(spectra not shown).
A semi-rigid coaxial cable carries signals to/from the
resonator. The cable consists of two parts; the upper
part, running most of the length of the probe has a BeCu
inner conductor and a stainless steel outer conductor. A
few inches above the shield, the upper cable connects to
a short section of copper coax, which passes through a
hole in the shield and terminates in the antenna. This is
done to keep the magnetic stainless steel away from the
LGR and sample. Although the cable enters the shield
through a hole in the top plate, remarkably no significant
reduction in Q of LGR is found from this “breaking” of
the shield’s Faraday cage. The coaxial cable is connected
to an external microwave source via a right-angled SMA
adapter. Another micrometer, with the same specifica-
tions as the first, pushes on the SMA adapter to adjust
the height of the antenna relative to the resonator in or-
der to achieve the desired coupling. A spring under each
micrometer provides sufficient tension to allow the rod
or cable to rise when the micrometer is retracted. The
apparatus contains only one coaxial cable and thus op-
erates in reflection mode with spectra obtained from the
S11 coefficient.
In order for the apparatus to operate at cryogenic tem-
peratures the probe must be leak tight while in the sam-
ple chamber. We also need to ensure vacuum integrity
under translational motion of the rod and coax cable that
pass through the flange. To achieve this, we limited the
number of vacuum seals. The top of the probe is based
on a standard brass KF-40 flange that fits to the top
of the PPMS sample chamber. We created two custom
feedthroughs through the flange. The flange was mono-
lithically machined (using a CNC milling machine) to
create two raised feedthrough bases, each with 5/16 − 32
external screw threads and a axial hole for the rod/coax
to pass through. The vacuum seal is created using an o-
ring and o-ring retaining ring, as shown in exploded view
in Fig. 1(a) (outset). By hand-tightening a nut on the
top of the assembly, the o-ring is compressed against the
rod or cable that passes through it, making the seal. In
order to make a dynamic seal that is robust under trans-
lation of the rod (cable), the rod (cable) is polished to
a shine, producing a smooth surface to which the o-ring
mates reliably at all times.
The flange is connected to the top of shield by three
G10 rods of length of ≈1 m, such that the center of shield
is at the center of homogeneity for the superconducting
magnet of the PPMS. To attach the G10 rods, three short
uprights are attached on the inner side of KF 40 blank
and on the top of shield. 3D-printed circular discs of
ABS plastic are affixed to the G10 rods at several places
along the probe. These serve to provide rigidity to the
probe and also act as baffles to mitigate convective heat
transfer along the length of the probe.
We have used three different LGRs to obtain data for
this manuscript. Scaled drawing of the resonators, la-
belled A, B, and C, are shown in Fig. 1(c). The resonant
3FIG. 1. Design of resonator probe with tunable frequency
and coupling. (a) CAD model of the resonator probe com-
patible with the Quantum Design PPMS sample chamber.
The vacuum sealing assembly that allows motion of signal ca-
ble/control rod is shown in the zoomed outset.(b) Close up
view of the interior of the shield, showing LGR, antenna, di-
electric and the position control mechanism. The height of the
dielectric inside the gap of LGR determines the resonant fre-
quency while the coupling antenna height above the resonator
surface determines coupling of the radiation to the resonator.
(c) Scaled drawing of the resonators used to collect data for
this article.
frequencies of the resonators without dielectric are fA =
4.50 GHz, fB = 5.17 GHz and fC = 6.51 GHz. Most di-
mensions of the resonators are indicated in the Fig. 1(c).
The thickness of resonators A and B is 3 mm, while C
is 2 mm. The two loops in resonator C are responsible
for its higher resonant frequency because of the paral-
lel combination of the two inductances of the LGR. For
each resonator, the frequency is lowered by insertion of a
dielectric, which is typically a small slab of sapphire.
To demonstrate the in-situ variation of frequency and
adjustment of coupling at cryogenic temperatures res-
onator A was used. A vector network analyzer (Keysight
E5063A) was used to characterize the response of the res-
onator (S 11) for each position of the dielectric in the LGR
gap. Figure 2 shows a selected set of S 11 vs. frequency
curves taken at 1.8 K for several different positions of a
sapphire slab of size ≈ 3 mm× 4 mm with 1 mm thick-
ness. For each position of the dielectric, the antenna
position was adjusted to achieve near critical coupling to
the LGR. The Q factor of the resonators at 10 K is >
2000 making them well suited for continuous wave (cw)
EPR spectroscopy. To perform pulsed EPR experiments,
a lower Q is typically required. Q can be reduced by
overcoupling the antenna to the resonator at the cost of
higher reflection at the resonant frequency. We have also
reduced Q by placing a small piece of microwave absorb-
ing material (Eccosorb LS-26) at the bottom of shield
FIG. 2. Resonant response of LGR obtained at 1.8 K at var-
ious positions of the dielectric (sapphire) in the gap of res-
onator, adjusted using a micrometer screw outside of probe.
Near critical coupling at each frequency is achieved by ad-
justing the height of the antenna from LGR surface. The
resonator used is illustrated as resonator A (Fig. 1(c)).
just below the resonator. The resonant spectra shown in
the Fig. 2 are taken when Q-factor is reduced to ≈ 500
using this latter technique.
III. TESTING THE APPARATUS
In order to test the novel probe, we chose a well studied
spin S= 4 single molecule magnet [Ni(hmp)(dmb)Cl]4,
hereafter called ‘Ni4’, where hmp stands for 2-
hydroxymethylpyridine and dmb for 3,3-dimethyl-1-
butanol19. When the field is applied along the easy (z)
axis of magnetization for the molecule, the spin Hamil-
tonian of Ni4 is well described by
20,
H = −DSZ2 −ASz4 + gzµBBzSz +H′, (1)
where D and A are the axial anisotropy parameters, gz
is the g factor, and Bz is the applied magnetic field com-
ponent along the z axis. The term H′ does not commute
with Sz and hence is responsible for the occurrence of
tunneling21. For Ni4, D > 0 and A > 0 so the sys-
tem has lowest energy when its moment is parallel or
antiparallel to the z axis. If H′ = 0, the angular momen-
tum component Sz is conserved and the energy states
are described in terms of quantum numbers m. Fig. 3(a)
shows the system’s energy eigenvalues as a function of
magnetic field along easy axis of Ni4. The dashed green
and solid red lines correspond to two different conforma-
tional states (isomers) of the Ni4 molecule, each of which
have slightly different anisotropy parameters. For this
molecule, H′ contains fourth-order transverse anisotropy
terms:
H′ = C(S4+ + S4−). (2)
H′ breaks the rotational symmetry of the Hamiltonian
and lifts the degeneracy between levels at zero field (as
well as other fields where levels would otherwise cross).
Instead, nearly degenerate levels form an avoided cross-
ing with a minimum energy gap called the tunnel split-
ting ∆. For the avoided crossing between superpositions
of m = ±2 states, ∆±2 ≈ 4 GHz at zero field. The inset
4FIG. 3. Measurement of the tunnel splitting gap in Ni4 molec-
ular magnet using the instrument. (a) Energy-level diagram
of Ni4 when the magnetic field is along the easy axis. We
study the transitions near the avoided level crossing of the
m = ±2 states, as shown in the inset of (a). The red solid
and dashed green energy levels represents the two different
conformational states of molecule at low temperatures. (b)
cw EPR spectra measured at various frequencies using res-
onator B (black curves) and C (orange); cf. Fig 1(c). EPR
peak positions for the two conformational states are indicated
by green circles and red squares. Fitting the peak positions
(dashed curves) to Eq. 3 yield the tunnel splitting for each
conformational state.
of Fig. 3(a) highlights the tunnel splitting gap for these
states near zero field. The slight difference in the pa-
rameters of the two conformational states leads to the
doubling of the EPR spectra22,23 provided that the mi-
crowave frequency is larger than tunneling gaps for both
conformational states. The green and red arrows in the
Fig. 3(a) inset shows the two transitions corresponding
to the two different conformational states at a particular
excitation frequency. These transitions are forbidden in
perpendicular mode EPR, requiring that they need to be
measured in parallel mode. The resonant frequency near
an avoided crossing centered at field Bc can be described
by20
fm,m′ =
√
∆2m,m′ + [gzµB(m−m′)(B −Bc)]2, (3)
where ∆m,m′ is the minimum tunnelling gap at B = Bc,
and m and m′ are the quantum numbers associated with
the states in the avoided crossing.
In this experiment, we used the probe described herein
for direct measurement of the zero-field (Bc = 0) tun-
nel splitting parameters of a Ni4 SMM sample for the
states m,m′ = ±2. The sample was produced by co-
crystallization of Ni4 with a diamagnetic analogue Zn4
to produce a 5 % dilute sample, as described in previous
work20. In that work, the tunnel splitting parameters
of Ni4 were determined by using multi-frequency EPR
methods near the zero-field splitting of state m = ± 2, re-
quiring the apparatus to be thermally cycled every time
the frequency needed to be changed. With the new probe
we have been able to measure a broad range of spectra in
a single cooling of sample, changing the frequency in situ.
Furthermore, in previous work, the antenna coupling was
adjusted at room temperature but would change as the
system cooled, meaning that the experiment rarely oper-
ated near critical coupling. Using the new apparatus, we
were able to circumvent these difficulties and efficiently
obtain multiple spectra with near critical coupling and
thereby precisely determine the zero-field splitting pa-
rameters of Ni4.
A 5 % Ni4 single crystal was placed at the center of
loop of LGR and oriented with its easy axis parallel to
the loop/field axis. The Q-factor of the resonator was
measured as a function of magnetic field at 10 K. Sweep-
ing the magnetic field induces eddy currents in the shield
and other metallic parts of the apparatus. These, in turn,
produce a field that partially cancels the applied field,
producing an apparent shift of our spectra. Sweeping the
field in the opposite direction (down vs. up) produces an
opposite shift and sweeping faster produces a larger shift,
confirming the inductive nature of the shifts. Subtract-
ing the shift from each spectrum, resulted in spectra that
were all nicely symmetric about zero field. The black (or-
ange) spectra shown in the Fig. 3(b) were obtained using
resonators B (C) shown in Fig. 1(c). For each resonator,
the frequency was tuned over more than a 1 GHz range
in a single cooling cycle of apparatus. The spectra plot-
ted in the Fig. 3(b) have been shifted vertically so that
the baseline of each spectrum aligns with the resonant
frequency indicated in the plot.
To find the resonant position, Lorentzian functions are
fit to each spectral peak to determine the center of each
EPR transition. In Fig. 3(b) the peak position of one
conformational state are represented by the green cir-
cles and those of the other conformational state are rep-
resented by red squares. These data points are fit to
Eq. 3 with Bc = 0, m = 2 and m
′ = −2 to determine
the tunnel splitting for each molecular conformation. We
found that the tunneling gaps for the two conformations
states are ∆
(1)
±2 = 4.63(3) GHz and ∆
(2)
±2 = 3.59(2) GHz.
These values are in excellent agreement with previous
measurements20 with the latter value now being deter-
mined with an order of magnitude higher precision.
IV. CONCLUSION
The apparatus described above is highly versatile,
permitting frequency tuning and coupling optimization
5while the sample and resonator are at cryogenic temper-
atures, making it easy to reliably obtain multiple spec-
tra in a single cool down. This increases efficiency for
data acquisition. In addition, being able to tune the fre-
quency in situ may be a substantial improvement when
working with air sensitive samples or materials that do
not tolerate repeated thermal cycling. We typically use
sapphire as a dielectic for frequency tuning. With a di-
electric constant of 9.3 - 11.5, this is sufficient for most of
our work. However, one could substitute another dielec-
tric with larger permittivity (such as rutile) to obtain a
larger range of frequency tunability.
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